- ‘ . =

s&| materials MDPI
58! bpy
Article

Study on the Microstructure and Properties of Plasma-Sprayed
HA /ZrO,/Nb Composite Coatings with Varying Nb Contents

Jiaqi Li 2, Liming Qian 1*

W) Check for updates

Academic Editors: Krzysztof

Szymkiewicz and Marek Goral

Received: 4 September 2026
Revised: 21 September 2026
Accepted: 24 September 2026
Published: 28 October 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Xiaofeng Wan 2, Xiang Li 2(” and Rui Wang 3

School of Mechanical Engineering (School of Intelligent Manufacturing), Nantong Institute of Technology,
Nantong 226002, China

School of Mechanical Engineering, Nantong University, Nantong 226019, China

School of Mechanical, Materials, Mechatronic and Biomedical Engineering, University of Wollongong,
Wollongong, NSW 2522, Australia

*  Correspondence: 20160031@ntit.edu.cn

Abstract

Magnesium alloys are promising biodegradable implants, but rapid degradation and insuf-
ficient early-stage bioactivity limit their clinical use. In this study, hydroxyapatite (HA)/zir-
conia (ZrO,) /niobium (Nb) composite coatings with varying Nb contents (10, 20, and
30%) were deposited on ZK60 magnesium alloys via atmospheric plasma spraying. The
coatings retained feedstock phases while forming tetracalcium phosphate, tricalcium phos-
phate, and Nb,Os during spraying. Microstructurally, increasing Nb to 30% induced an
interconnected porous network, resulting in increased surface microhardness (~426 HV)
and hydrophilicity (contact angle ~50°). Electrochemical tests revealed that, among the
investigated compositions, the 20% Nb coating exhibited the lowest corrosion current den-
sity (Iorr = 9-688 x 107> A/cm?), indicating the most favorable electrochemical behavior
within the tested Nb-content range. Although further increasing Nb to 30% resulted in a
higher I, than that of the 20% Nb coating, H1Z3N exhibited the highest day-5 OD450
value and favorable cell spreading. This cellular response may be associated with its
higher surface roughness, enhanced wettability, and porous architecture. Overall, the in-
vestigated compositions exhibited an observed trade-off between electrochemical behavior
and cytocompatibility.

Keywords: magnesium alloy; HA/ZrO,/Nb composite coating; atmospheric plasma
spraying; corrosion resistance; cytocompatibility

1. Introduction

As a vital organ and tissue in the human body, bone plays a crucial role in providing
mechanical support, protecting internal organs, and storing minerals [1,2]. With the aging
population and the increasing incidence of traumatic events, the clinical demand for bone
implant substitute materials has risen sharply [3,4]. Traditional metallic implants, such
as titanium alloys, stainless steels, and cobalt-chromium alloys, possess extremely high
mechanical strength; however, their elastic moduli are higher than those of natural human
bone. This mismatch can easily induce the “stress shielding” effect, subsequently leading
to osteoporosis and aseptic loosening around the implants [5]. Furthermore, these inert
metals require a secondary surgical procedure for removal after bone healing, which in-
creases patient suffering and medical costs. In contrast, magnesium (Mg) and its alloys
exhibit excellent biomimetic mechanical properties due to their density (1.7-1.9 g/cm®) and
elastic modulus (4145 GPa) being extremely close to those of natural bone tissues [6,7].
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More importantly, Mg is an essential macroelement in the human body, featuring excellent
biocompatibility and in vivo biodegradability, and is thus hailed as a revolutionary “green”
biomedical implant material [8-10]. However, Mg-based implants are highly susceptible
to rapid corrosion and degradation in complex physiological environments (which are
rich in water, chloride ions, etc.). An excessively fast degradation rate not only causes the
implant to lose mechanical integrity before the bone tissue is fully healed, but also releases
a large volume of hydrogen gas and causes local microenvironmental alkalization during
the degradation process. This can trigger inflammatory responses and even lead to tissue
necrosis, severely restricting their widespread clinical application [11-14].

To address the rapid in vivo degradation of Mg alloys, surface modification technology
is considered one of the most effective strategies to enhance their corrosion resistance and
surface bioactivity [15,16]. Chen et al. [17] systematically reviewed the latest advances in
surface engineering techniques for biodegradable magnesium alloy orthopedic implants,
demonstrating that composite ceramic coatings can simultaneously achieve degradation
rate regulation and surface bioactivity optimization, and have emerged as the mainstream
technical direction for surface modification of magnesium implants. Kumar et al. [18]
systematically summarized the fabrication strategies and research challenges of hydrox-
yapatite coatings on biodegradable magnesium alloys, pointing out that the synergistic
regulation of plasma spraying process parameters and coating composition is the core factor
determining the long-term protective performance and bioactivity of the coatings. Among
various modification materials, hydroxyapatite (HA, Ca;,(PO,)s(OH),) is widely used
as a surface coating for orthopedic implants due to its high chemical similarity to natural
human bone minerals, exhibiting excellent osteoconductivity and osteoinductivity [19,20].
Among numerous coating preparation technologies, such as atmospheric plasma spraying
(APS), sol-gel, and electrodeposition, APS has become the mainstream method for fabricat-
ing commercialized medical bioceramic coatings and has been approved by the US Food
and Drug Administration (FDA), owing to its high deposition efficiency, strong bonding
strength, and low operational cost [21,22]. Nevertheless, plasma-sprayed pure HA coatings
also face several challenges. On the one hand, HA possesses inherently high brittleness
and poor fracture toughness; on the other hand, under the extremely high temperature
gradients typical of thermal spraying, HA powders are prone to dehydroxylation and ther-
mal decomposition. This generates amorphous phases or highly soluble byproducts, such
as tricalcium phosphate (TCP), tetracalcium phosphate (TTCP), and even calcium oxide
(Ca0). These defects lead to the rapid dissolution of the coating in body fluids, triggering
coating cracking and peeling, thereby weakening its long-term protective capability for
the Mg substrate [23-26]. Recent advances have highlighted the necessity of composite
surface architectures to enhance barrier protection and biological properties on magne-
sium alloys. For example, Kumar et al. [27] developed Fe/Ni/Cr oxide nanoparticles/PLA
hybrid composite coatings on a Mg-Zn-Ca alloy, discovering that the hybrid structure signifi-
cantly reduced the degradation rate, which proved its effectiveness in providing sustainable
mechanical integrity. Furthermore, Feng et al. [28] fabricated a gallium-coated ZK60 mag-
nesium alloy, finding that the protective barrier exhibited superior corrosion resistance and
favorable antimicrobial properties, which proved the potential of multifunctional coatings
in promoting osteogenesis while controlling premature dissolution.

To overcome the mechanical and chemical instabilities of pure HA coatings, the intro-
duction of second-phase materials (such as metals or other oxide ceramics) to construct
composite coatings has become a primary research focus [29]. Various oxide ceramics,
including TiO, and Al,Oj3, have also been investigated as protective coatings for biodegrad-
able magnesium alloys due to their excellent chemical stability and mechanical properties.
However, TiO, generally exhibits limited bioactivity, while Al,Oj; is considered relatively
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bioinert, which may restrict their application in bone-related implants. Previous studies
have reported that the incorporation of metal oxides into HA coatings can improve their
comprehensive performance. For example, HA/TiO, composite coatings have been investi-
gated for enhanced corrosion protection and structural stability, while HA /Al,O5; composite
coatings have been explored to improve mechanical strength and wear resistance. These
studies demonstrate the potential of oxide reinforcement in overcoming the intrinsic limi-
tations of pure HA coatings. Zirconium dioxide (ZrO,) is widely used in the biomedical
field due to its extremely high compressive strength and excellent biocompatibility. More
importantly, the addition of stabilized ZrO, can undergo a phase transformation from the
tetragonal phase (t-ZrO,) to the monoclinic phase (m-ZrO,) under the stress field at the
crack tip. The volume expansion and shear strain generated by this phase transformation
can effectively inhibit the propagation of microcracks, thereby achieving transformation
toughening of the coating [30-32]. In addition to oxide reinforcement, metallic elements
have also been incorporated into HA coatings to improve their mechanical and biological
performance. For example, Ti-, Mg-, and Zn-containing HA composite coatings have been
investigated due to their favorable mechanical properties, biodegradability, or biological
activity. However, some metallic reinforcements may suffer from rapid degradation, insuffi-
cient long-term stability, or potential concerns regarding excessive ion release. Therefore,
selecting an appropriate metallic component is critical for achieving a balance between
mechanical reinforcement, corrosion protection, and biological compatibility. Meanwhile,
metallic niobium (NDb), as a highly promising biophilic transition metal, possesses outstand-
ing corrosion resistance, good ductility, and extremely low biotoxicity, and has been proven
to promote fibroblast growth and osseointegration [33,34]. Verma et al. [35] stated in their
latest review that the introduction of niobium and its oxides as reinforcing phases into
HA-based coatings can simultaneously improve the mechanical strength, corrosion barrier
performance and biological activity of the coatings, serving as an important approach to
optimize the overall performance of HA-based biocoatings; however, the effects of system-
atically varying Nb content in HA-based coatings on magnesium alloy substrates remain
insufficiently understood. Previous studies have also indicated that the Nb,Os ceramic
phase, formed by the partial oxidation of Nb during plasma spraying, can increase the
surface energy of the material, facilitating the growth of hydroxyapatite crystals and the
adhesion and proliferation of bone-related cells [36-38].

Our previous work [39] showed that the incorporation of Nb and ZrO, into HA-based
coatings can improve the microstructure, corrosion resistance, and cytocompatibility of
coatings on ZK60 Mg alloy. However, that study considered only a single Nb content
and therefore did not systematically evaluate the effect of varying Nb content [40]. In
addition, a recent related study [41] investigated the effects of plasma-spraying power
and powder feeding rate on HA/Nb/ZrO, composite coatings and identified 33 kW and
18 g/min as suitable processing parameters. The ZrO, content was fixed at 10 wt.% based
on our previous study, in which this concentration provided a favorable balance between
coating integrity, corrosion protection, and biological performance. Therefore, ZrO, was
maintained at 10 wt.% in the present study to minimize the influence of ZrO, variation and
to systematically investigate the effect of Nb content. The present study differs from these
previous studies by fixing the spraying conditions at 33 kW and 18 g/min and the ZrO,
content at 10 wt.%, while systematically varying the Nb content from 10 to 30 wt.%. The
H1Z1N, H1Z2N, and H1Z3N specimens and the experimental data reported in the present
study were independently prepared and obtained; no specimens or experimental data from
the previous study were reused. In particular, the Ra value of 2.128 ym for H1Z1N was
independently measured in the present experimental series.
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Recent reviews have also indicated that most studies on Nb-reinforced HA coatings
have focused on binary HA /Nb systems, while the effects of Nb content in HA /ZrO,/Nb
ternary coatings on magnesium substrates remain insufficiently understood [35]. Therefore,
the present study systematically evaluates the relationships between Nb content, coating
microstructure and physicochemical properties, electrochemical behavior, and cellular
response. Among the three investigated compositions, H1Z2N (20 wt.% Nb) exhibited
the most favorable electrochemical behavior, whereas H1Z3N (30 wt.% Nb) showed the
highest day-5 cellular response. These results indicate an observed trade-off between
electrochemical behavior and cellular response among the investigated compositions.

2. Materials and Methods
2.1. Material and Deposition of Coatings

A ZK60 magnesium alloy was selected as the substrate material and cut into speci-
mens with dimensions of 10 mm x 10 mm x 10 mm. The ZK60 magnesium alloy plate
was purchased from Dongguan Yisheng Metal Materials Co., Ltd. (Dongguan, China).
Commercially available powders with a purity of 99.9% were utilized. Hydroxyapatite
(HA) powder was supplied by Beijing DK Nano Technology Co., Ltd. (Beijing, China),
yttria-stabilized ZrO, powder (ZrO,, 3 mol% Y,0O;, purity > 99.9%) was obtained from
Shanghai Chaochun New Material Co., Ltd. (Shanghai, China), and niobium (Nb) powder
was provided by Hunan Hengxin Hard Material Co., Ltd. (Loudi, China). The HA, ZrO,,
and Nb powders exhibited spherical, spherical, and near-spherical morphologies, with
nominal particle sizes corresponding to 400 mesh, 200 mesh, and 200 mesh, respectively. To
investigate the influence of Nb substitution level on the performance of the composite coat-
ings, HA was progressively replaced by Nb while maintaining the ZrO, content at 10 wt.%.
Therefore, the variation in Nb content represents a compositional adjustment involving both
increased Nb fraction and decreased HA fraction. The specific sample designations and
their corresponding weight compositions are summarized in Table 1. The weighed powders
were placed into a planetary ball mill (LPB-0.4L, Hunan LAISDA Instrument Equipment
Co., Ltd., Yueyang, China) and mixed using anhydrous ethanol as the milling medium.
The rotation speed was set to 500 r/min, and the milling time was 10 h, with the rotation
direction reversed every 15 min. Following the milling process, the mixed powders were
dried in a blast drying oven (DHG-9070A, Shanghai Yiheng Scientific Instrument Co., Ltd.,
Shanghai, China) at 80 °C for 5 h and subsequently sieved to remove agglomerated particles
and improve powder flowability before spraying. Prior to spraying, the ZK60 Mg alloy
substrates were sequentially polished using silicon carbide (SiC) abrasive papers ranging
from 200# to 1500#, and then polished to a mirror finish using 0.5 ym diamond paste. The
substrates were ultrasonically cleaned in acetone, anhydrous ethanol, and deionized water
using a KQ-250DE ultrasonic cleaner (Kunshan Shumei Ultrasonic Instrument Co., Ltd.,
Kunshan, Jiangsu, China), and then dried with cold air. To remove the passivation oxide
scale and enhance the mechanical interlocking between the substrate and the coating, the
specimen surfaces were sandblasted using 80# brown corundum. The sandblasting parame-
ters were controlled as follows: air pressure of 0.5-0.6 MPa, blasting distance of 100-150 mm,
and blasting angle of 60-75°. Atmospheric plasma spraying (APS) was performed using a
DH-2080 plasma spraying system (Shanghai Dahao Ruifa Spraying Machinery Co., Ltd.,
Shanghai, China) to deposit the composite coatings onto the ZK60 substrates. Based on
preliminary process optimization, the spraying parameters were fixed as follows: spraying
power of 33 kW, powder feeding rate of 18 g/min, argon (Ar) as the primary gas, hydrogen
(H,) as the auxiliary gas, nitrogen (N,) as the carrier gas, spraying distance of 100-120 mm,
and a powder feeder rotation speed of 3.5 r/min.
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Table 1. Sample designations and weight compositions of the composite powders.

Sample HA (wt.%) ZrO, (wt.%) Nb (wt.%)
H1Z1N 80 10 10
H1Z2N 70 10 20
H1Z3N 60 10 30

2.2. Characterization of Coatings

The phase compositions of the powders and the sprayed coatings were analyzed using
an X-ray diffractometer (XRD, Ultima IV, Rigaku Corporation, Akishima, Tokyo, Japan).
The measurements were conducted with a Cu-Ku« radiation source (40 kV, 30 mA) over a
26 range of 10° to 90°, at a scanning rate of 5°/min and a step size of 0.02°. The surface and
cross-sectional micro-morphologies, as well as the elemental distributions of the coatings,
were observed and analyzed using a field emission scanning electron microscope (SEM,
GeminiSEM 300, Carl Zeiss AG, Oberkochen, Germany) equipped with an energy-dispersive
X-ray spectrometer (EDS).

The surface roughness (Ra) of the coatings was evaluated using a step-type surface
roughness tester (JB-4C, Shanghai Taiming Optical Instrument Co., Ltd., Shanghai, China).
Ten locations were randomly selected on the same plane for measurement, and the average
value was calculated. The microhardness of the coatings was measured using a Vickers
hardness tester (TMVS-1, Beijing TIME High Technology Ltd., Beijing, China) under a test
load of 100 gf (0.98 N) with a dwell time of 15 s. Three independently sprayed specimens
were prepared for each coating composition. For each specimen, ten random indentations
were performed on the coating surface, and the average microhardness value was calculated.
The final result was reported as the mean value obtained from three independent specimens.
The surface wettability of the coatings was evaluated using a contact angle measuring
instrument (OCA15EC, Beijing Aodelino Instrument Co., Ltd., Beijing, China). A 5 uL
droplet of simulated body fluid (SBF) was deposited onto the specimen surface. After
the droplet stabilized, the contact angle was recorded. Three independently prepared
specimens were evaluated for each coating composition. For each specimen, contact angle
measurements were performed at five randomly selected positions, and the average value
was calculated. The results are presented as the mean + standard deviation of three
independent specimens.

2.3. Corrosion Behavior Analysis

The electrochemical corrosion resistance of the coatings was evaluated in a standard
Kokubo SBF solution using an electrochemical workstation (CHI660C, Shanghai Chenhua
Instrument Co., Ltd., Shanghai, China). The tests were performed using a standard three-
electrode system, with a saturated calomel electrode (SCE; model 232, Shanghai INESA
Scientific Instrument Co., Ltd., Shanghai, China) as the reference electrode, a platinum
electrode as the counter electrode, and the cold-mounted coating sample with an exposed
testing area of 1 cm? as the working electrode. Before polarization measurements, the
open-circuit potential (OCP) was monitored for at least 300 s in naturally aerated SBF at
room temperature. No predefined numerical OCP stabilization criterion was applied. The
potential variation during the final 60 s was approximately 1-6 mV among the investigated
specimens. Potentiodynamic polarization measurements were conducted over sample-
specific potential ranges covering both cathodic and anodic branches at a scan rate of
1 mV/s. The electrochemical test conditions were selected with reference to ISO 10993-
15:2019 [42] and an established laboratory protocol, and identical conditions were applied
to all specimens to enable comparative evaluation. The polarization data were reanalyzed
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using OriginPro 2022 by linear regression of selected anodic and cathodic regions. E_,, and
I.orr were determined from the intersection of the corresponding regression lines, and the
fitted slopes and R? values are reported in Table 2.

Table 2. Electrochemical parameters derived from polarization-curve fitting.

Sample  E,, (Vvs.SCE) I, (A/cm?) B. (mV/dec) B, (mV/dec) R? R2
Mg —1.669 3.850 x 107* 196.39 193.44 0.99072 0.98961
H1Z1N —-1.309 2.798 x 10~* 223.96 114.86 0.99865 0.98989
H1Z2N —1.230 9.688 x 107> 200.68 237.21 0.99899 0.96352
H1Z3N —1.343 5.833 x 10~ 234.30 138.86 0.99590 0.98894

2.4. Cytocompatibility Evaluation

In vitro cytocompatibility tests were conducted using rat bone marrow mesenchymal
stem cells (BMSCs) to evaluate the biocompatibility of the coatings. The BMSCs were
cultured under standard conditions at 37 °C with 5% CO,. The coated samples were
sterilized in an autoclave at 121 °C for 15 min and then placed into 24-well plates. A BMSC
suspension with a density of 1 x 10* cells/well was inoculated into each well, supplemented
with fresh culture medium, and incubated in a constant temperature incubator at 37 °C with
5% CO,. After culturing for 1, 3, and 5 days, cell proliferation was evaluated using the Cell
Counting Kit-8 (CCK-8; CK04, Dojindo Laboratories, Kumamoto, Japan) colorimetric assay.
Following the removal of dead cells by washing, the culture medium containing the CCK-8
reagent was added and incubated for 2 h. The optical density values at 450 nm (OD450) of
each well were subsequently measured at a wavelength of 450 nm using a microplate reader
(Multiskan FC, Thermo Fisher Scientific, Waltham, MA, USA). Three parallel samples
were established for each experimental group to minimize errors. Additionally, the cell
morphology, adhesion, and growth status on the sample surfaces were observed and
recorded using an inverted fluorescence microscope (ECLIPSE Ti-s, Nikon Corporation,
Tokyo, Japan).

3. Results and Discussion
3.1. Phase Composition of the Coatings

The phase compositions of the mixed powders and the composite coatings with differ-
ent Nb contents were analyzed using X-ray diffraction (XRD). The diffraction peaks were
indexed according to the standard ICDD reference cards, including HA (PDF No. 09-0432),
tetragonal ZrO, (PDF No. 30-1468), and Nb (PDF No. 35-0789). As shown in Figure 1a,
the feedstock powders mainly consisted of HA, ZrO,, and Nb phases without obvious im-
purity peaks, and the intensity of the Nb diffraction peaks varied correspondingly with the
designed weight ratios. After the atmospheric plasma spraying process, the XRD patterns
in Figure 1b,c reveal that the original HA, ZrO,, and Nb phases were successfully retained
in the deposited H1Z1N and H1Z3N coatings. In addition to the original components, new
diffraction peaks corresponding to tetracalcium phosphate (TTCP), tricalcium phosphate
(TCP), and niobium pentoxide (Nb,O5) were detected in the sprayed coatings. The forma-
tion of TCP and TTCP is attributed to the thermal decomposition and dehydroxylation of
HA caused by the ultra-high temperature of the plasma jet. Meanwhile, the Nb,Oj5 phase
was formed due to the oxidation of metallic Nb interacting with oxygen during flight. As the
Nb content increased from 10% to 30%, the types of generated decomposition or oxidation
phases remained unchanged. However, compared to the H1ZIN coating (Figure 1b), the
diffraction peaks in the H1Z3N coating showed higher intensity, which may be related to
the increased Nb fraction and the variation in phase composition. It should be noted that
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quantitative phase analysis, FWHM analysis, and Rietveld refinement were not performed
in this study; therefore, the effect of Nb content on the phase composition and structural
characteristics of the coatings requires further investigation.
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Figure 1. XRD patterns of the mixed powders and the as-sprayed composite coatings: (a) mixed
powders of HIZIN and H1Z3N; (b) H1Z1N powder and coating; (¢) H1Z3N powder and coating.

3.2. Microstructure and Elemental Distribution

The cross-sectional micromorphologies of the composite coatings with varying Nb
contents deposited on the ZK60 substrate are depicted in Figure 2. All coatings exhibit
a dense and continuous structure well-bonded to the magnesium substrate, featuring
a characteristic wavy interface without macroscopic delamination or interfacial cracks.
Figure 3 illustrates the surface SEM micro-topographies of the H1Z1N, H1Z2N, and H1Z3N
coatings at different magnifications. As shown in Figure 3a,b, the H1Z1N coating (10%
Nb) displays a well-flattened and stacked splat structure with fluffy, micro-porous features
filling the splat boundaries, demonstrating a high degree of particle melting. For the
H1Z2N coating (20% NDb), smooth splat stacking is largely preserved, accompanied by
minor surface pores and localized microcracks (Figure 3¢c,d,g). In contrast, increasing the
Nb content to 30% (H1Z3N) induces a distinct morphological transition. As observed in
Figure 3e,f h, the fully flattened splat areas decrease, replaced by dispersed, un-melted or
partially melted spherical particles and the surface morphology exhibited increased porous
characteristics. This porous transition may be related to the combined effects of the high
thermal conductivity, high melting point, and particle characteristics of metallic Nb. The
increased Nb fraction may promote heat dissipation during spraying, while the relatively

https://doi.org/10.3390/ma19214541


https://doi.org/10.3390/ma19214541

Materials 2026, 19, 4541 8of 16

high melting point and incomplete melting of Nb particles could reduce splat spreading
and contribute to the formation of porous structures.

Spectrum 1

Spectrum 2

Spectrim4y

\

Spectrum 5

Spectrum

Figure 3. Cont.
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Figure 3. Surface SEM topographies of the composite coatings: (a,b) H1ZIN; (¢, d) H1Z2N;
(e,f) H1Z3N; (g) details of microcracks in H1Z2N; (h) network porous structure in H1Z3N.

The elemental compositions of characteristic surface regions were further quantified
using energy-dispersive X-ray spectroscopy (EDS), as presented in Figure 4. The EDS
point analyses detected Ca, P, Zr, and Nb elements in the examined regions, confirming
the presence of these elements within the coatings. However, the point measurements
cannot fully represent the overall elemental distribution. Notably, localized compositional
variations were detected: region 7 in Figure 4c contains Zr but lacks detectable Nb (Ca/P
molar ratio = 2.01), whereas region 8 exhibits clear Nb and Zr signals with a Ca/P ratio of
1.95. Overall, increasing the Nb addition to 30% leads to an increase in the overall Ca/P
molar ratio of the coating (exceeding that of pure HA). This outcome aligns with the XRD
findings, further confirming the accelerated thermal decomposition of HA into calcium-rich
phase (TTCP) during high-temperature plasma spraying.

Figure 4. Cont.
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Figure 4. EDS spectra of characteristic surface regions on the composite coatings: (a) HIZIN;
(b) H1Z2N; (c) H1Z3N.
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3.3. Mechanical and Surface Properties

The microhardness, surface roughness, and wettability of the composite coatings
with different Nb contents are presented in Figures 5 and 6. As shown in Figure 5, the
surface microhardness of the coatings increases progressively with the addition of metallic
Nb. The microhardness values are ~390 HV, ~414 HV, and ~426 HV for H1Z1N, H1Z2N,
and H1Z3N coatings, respectively. This increase in microhardness may be associated
with the presence of metallic Nb particles and the newly formed Nb,Oj5 ceramic phase.
However, the growth rate of hardness slows down when the Nb content reaches 30%
(H1Z3N only exhibits a 2.9% increase compared to H1Z2N). This plateau occurs because
the formation of interconnected porous networks and micro-pores in H1Z3N partially
offsets the mechanical reinforcement offered by the added Nb phase. Figure 6 displays
the surface roughness and water contact angles of the deposited coatings. As depicted in
Figure 6a, the surface roughness increases monotonically with higher Nb content, yielding
R, values of 2.128 ym, 2.225 ym, and 2.355 ym for H1Z1N, H1Z2N, and H1Z3N, respectively.
Correspondingly, the water contact angle decreases from ~56° (H1Z1N) to ~54° (H1Z2N)
and further down to ~50° (H1Z3N), as shown in Figure 6b. The lower contact angle
observed for H1Z3N may be associated with its higher surface roughness and porous
surface architecture. According to Wenzel’s model, increased surface roughness can enhance
the apparent wettability of an intrinsically hydrophilic surface; therefore, these surface
features may contribute to the observed decrease in contact angle. According to Wenzel’s
model, increased surface roughness amplifies the inherent wettability of a hydrophilic
surface, allowing the liquid droplets to spread more effectively into the porous micro-
structures. These surface characteristics may also provide favorable conditions for cell
attachment; however, their individual contributions were not independently evaluated in
the present study.

430

N

[ )

(=]
T

Microhardness ( HV)
N
=
T

B

=

=]
T

390

1 . 1 . 1
HIZIN HIZ2N HIZ3N

Sample

Figure 5. Surface microhardness of composite coatings with different Nb contents. Data are presented
as mean + standard deviation (SD) from three independently prepared specimens.

3.4. Corrosion Behavior Analysis

The electrochemical behavior of the bare ZK60 substrate and composite coatings was
evaluated in SBF at room temperature, with polarization curves shown in Figure 7 and
parameters listed in Table 2. The electrochemical response varied non-monotonically with
increasing Nb content. H1Z2N (20% Nb) exhibited the most positive E_,,, (—1.230 V)
and the lowest I, (9.688 x 107> A/cm?) among the investigated coatings, suggesting the
most favorable electrochemical response under the present testing conditions. H1Z1N
exhibited an I, of 2.798 x 10~* A/cm?, which was lower than that of the bare ZK60 sub-
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strate (3.850 x 10~* A/cm?), whereas H1Z3N showed a higher I, of 5.833 x 107 A/cm?.
The comparatively less favorable electrochemical behavior of H1Z3N may be associated
with its interconnected micro-pores and partially melted boundaries, which could facil-
itate electrolyte access through the coating. In addition, possible galvanic interactions
involving Nb-containing regions and electrochemically active phases may also contribute
to this behavior, as similar micro-galvanic effects between secondary phases and Mg ma-
trix have been reported in magnesium alloys [43,44]. However, this mechanism requires
further confirmation. Since EIS measurements were not performed, the present electro-
chemical assessment is limited to the polarization-derived E ., and I, values, and no
direct conclusions are drawn regarding coating impedance, barrier properties, or interfacial
electrochemical processes.
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Figure 6. Surface properties of composite coatings with different Nb contents: (a) surface rough-
ness; (b) water contact angle. Data are presented as mean + standard deviation (SD) from three
independently sprayed specimens.
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Figure 7. Potentiodynamic polarization curves of the bare ZK60 substrate and composite coatings in
SBF solution. Dashed lines indicate the anodic and cathodic linear regression and extrapolation lines.

https://doi.org/10.3390/ma19214541


https://doi.org/10.3390/ma19214541

Materials 2026, 19, 4541

13 of 16

3.5. In Vitro Biocompatibility

The in vitro biocompatibility of the bare ZK60 substrate and composite coatings was
evaluated by CCK-8 assay and fluorescence images of attached cells after 1, 3, and 5 days of
culture, as shown in Figure 8. As depicted in Figure 8a, the OD450 values of the coated samples
were higher than that of the bare Mg substrate across all culture periods. Over time, the OD450
values of all samples gradually decreased, which may be related to Mg degradation and
changes in the culture environment. Notably, on day 5, the H1Z3N coating (30% Nb) achieved
the highest OD450 value among all group samples. The fluorescence microscopy images
in Figure 8b further support this trend, showing more attached green-fluorescent cells with
favorable spreading morphology on H1Z3N. The favorable cellular response of H1Z3N may
be associated with its higher surface roughness, enhanced hydrophilicity, and interconnected
porous surface morphology, which may provide suitable sites for cell attachment. However,
these surface characteristics were not independently controlled in the present study, and their
individual contributions to the cellular response cannot be distinguished.

Mg
[ JHiziN
[ JH122N

2.0 % [ JHiz3N

+

0D450 value

S
L

0.0 T
1 3 5
Time(Day)

(a)

(b)

Figure 8. In vitro cytocompatibility evaluation: (a) CCK-8 ODA450 results after 1, 3, and 5 days of
incubation; (b) live cell green fluorescence images on H1Z1N, H1Z2N, and H1Z3N coatings on day 5.
Data in (a) are presented as mean + standard deviation (SD) from three parallel samples.
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4. Conclusions

In this study, HA /ZrO,/Nb composite coatings with varying Nb contents (10, 20, and
30%) were successfully deposited on ZK60 magnesium alloy substrates via atmospheric
plasma spraying. The feedstock phases (HA, ZrO,, and Nb) were well preserved after
spraying, accompanied by the formation of TTCP and TCP due to the high-temperature
decomposition of HA, as well as Nb,O5 from the in-flight oxidation of Nb. Increasing the
Nb content to 30% altered the phase composition and microstructural characteristics of the
coating without altering the types of newly generated phases. Microstructurally, a higher Nb
content induced a transition from a dense, well-flattened splat structure to an interconnected
porous network containing partially melted spherical grains. Concurrently, the surface
microhardness increased to ~426 HV (H1Z3N), the surface roughness rose to 2.355 ym,
and the water contact angle decreased to ~50°, indicating improved hydrophilicity. Poten-
tiodynamic polarization measurements showed composition-dependent electrochemical
behavior among the investigated specimens. H1Z2N (20% Nb) exhibited the most favorable
electrochemical response, with E_,, = —1.230 V and the lowest I, 0f 9.688 x 10~> A/cm?.In
contrast, H1Z3N (30% Nb) exhibited a higher I, of 5.833 x 10~* A/cm?. Its interconnected
porous morphology and possible galvanic interactions may contribute to this behavior. Nev-
ertheless, H1Z3N showed the highest day-5 OD450 value and favorable cell spreading.
These results indicate an observed trade-off among the investigated compositions between
electrochemical behavior and cellular response.
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